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A dramatic spectral modulation of third-order harmonic (TH) emission generated in a near in-
frared femtosecond (fs) pulse filamentation, assisted by a two-dimensional plasma grating formed by
two pump femtosecond pulses, is experimentally demonstrated when their spatiotemporal overlap is
achieved. It is mainly attributed to strong cross-phase modulation induced by the fundamental wave
of the probe pulse and two pump ones. The delay dynamic of TH spectra indicates the influence of
two retarded nonlinear responses on the TH generation. The dependences of TH generation on the
energies of probe and pump pulses, relative field polarization angle are also studied.
PACS numbers: 52.38.Hb, 42.65.Jx, 42.60.Fc, 42.65.Sf
I. INTRODUCTION
The generation of ultrashort pulses in the ultraviolet
(UV) regime has stimulated many research interests in
recent decade because it provides massive applications in
many fields, such as ultrafast spectroscopy of atoms and
molecules, time-domain studies of biological processes,
pulse self-compression through filamentation and white-
light continuum generation [1–8]. Nonlinear frequency
up-conversion, especially TH generated by infrared (IR)
femtosecond pulse, is one of the most efficient approaches
to obtain intense, ultrashort laser pulse in the UV spec-
tral region [9]. The spectral broadening of TH pulses
generated during femtosecond pulse filamentation in air
or noble gases has been applied in the generation of ul-
trashort pulses in the UV. For instance, by using spectral
broadening of TH pulses in argon, sub-20-fs UV pulses
with more than 300 µJ energy at 268 nm have been gen-
erated [4]. The effects of various physical mechanisms on
spectral modulation of TH pulses generated during fem-
tosecond pulse filamentation were interpreted in terms of
spatiotemporal self-phase modulation (SPM) and cross-
phase modulation (XPM) originated from electronic Kerr
nonlinearity, free-electron generation, stimulated Raman
scattering and temporal self-steepening [10]. The XPM
originated from molecular alignment can further modu-
late the TH spectrum [11, 12]. However, complicated
couplings of nonlinear effects during femtosecond laser fil-
amentation caused by the interplays and competitions of
these different nonlinear effects make the intrinsic phys-
ical mechanisms of filaments interaction difficult to be
fully understood.
The TH generated in a probe filament could be dra-
matically enhanced through the nonlinear filament inter-
action with a pump filament or plasma grating, which
closely depended on the relative polarizations, crossing
angles, and intensity ratios of the probe and pump pulses
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[13, 14]. Since the inhomogeneous distribution of elec-
tron density in plasma grating, the probe pulse experi-
ences fluctuation of refractive index in different positions,
which should influence the generation and propagation
dynamics of TH pulse. In this work, we experimentally
investigated the influences of different interacting posi-
tions between a probe filament and a plasma grating gen-
erated by two non-collinear pump filaments on the gen-
eration and spectral modulation of TH pulses produced
in the probe filament. An enhanced spectral modulation
of TH is observed when the probe filament interacts with
the forepart of the plasma grating. The delay dynamic
of TH spectra is also studied to further understand the
influence of other nonlinear effect on the generation of
TH pulses. Energy exchange between the probe pulse
and two pump ones when they experience filamentation
process is observed, which indicates the influence of re-
tarded rotational Raman effect from O2 and N2. And
then, the dependences of TH generation on the energies
of probe pulse and two pump ones, the polarization angle
between the probe and pump pulses are investigated.
This paper is organized as follows. In Section II we
describe our experimental setup. Results and discussion
are presented in Section III and we conclude in Section
IV.
II. EXPERIMENTAL SETUP
The experimental setup is schematically illustrated in
Fig. 1. The laser system is a Ti:Sapphire chirped-pulse
amplifier system (Quantronix) capable of producing 33
fs pulses centered at 810 nm with 70 nm spectral band-
width, at a repetition rate of 1 kHz. The transverse pro-
file of intensity distribution is Gaussian-shaped, and the
spot size at 1/e2 of the laser beam is about 10 mm. As
shown in Fig.1, the output laser beam is split into three
beams by two successive beam-splitters (BS1, BS2). One
beam with pulse energy of 0.6 mJ, which is used as the
probe beam, is focused by the lens L3 (f = 117 cm), lead-
ing to a 3 cm filament. The other two beams used as the
pump beams named by Pump1 and Pump2, with pulse
2energy of 0.9 mJ and 0.7 mJ respectively, are focused by
the lens L1 and L2 (f = 60 cm). The time delay between
the three pulses is controlled by two motorized transla-
tion stages (Delay1, Delay2) with a precision of 2.5 µm.
The two pump beams are spatiotemporally overlapped
by adjusting the delay line Delay2 in order to generate
a one-dimensional plasma grating with 2.5 cm length,
and then by adjusting the delay line Delay1, the probe
beam would be spatiotemporally overlapped with the two
pump beams leading to a two-dimensional plasma grating
in the core of interaction region as shown by the inset in
Fig. 1. The crossing angle between the two pump beams
marked as θ is fixed to 2.9 degree, and the crossing angle
between the probe beam and the Pump2 marked as φ is
fixed to 3.6 degree by three 800 nm high reflective mir-
rors M8, M9 and M11. The pulse energy of the probe or
pump beam could be adjusted by inserting several atten-
uate plates.
In order to obtain an optimal TH signal, the probe
beam after filamentation interactions is collected onto
a spectroscopy (Ocean Optics, USB4000) by the lens
L4 after reflection by a 266 nm high reflective mirrors
with spectral bandwidth of 63.8 nm. Several attenuation
plates are placed before the entrance of the spectroscopy
to avoid the saturation of the spectroscopy. A sensitive
CCD (1024×1024 pixels, 2.2 µm) is installed on the top
of the filament intersecting region to record the fluores-
cence image of the plasma grating, which is collected by
using an Al-coated concave mirror installed on the bot-
tom.
FIG. 1: (Color online) Schematic illustration of the experi-
mental setup for measuring the TH spectra and plasma flu-
orescence distribution of filaments interaction region. Here:
BS1 and BS2, beam-splitter; L1, L2, L3, L4, focusing lenses;
M1, M2, M3, M4, M5, M6, M7, M8, M9, M10, 800 nm
high reflective mirrors; M11, 266 nm high reflective mirrors;
CM，Al-coated concave mirror. The inset represents the two-
dimensional plasma grating generated by the probe pulse and
two pump pulses when they achieve spatiotemporal overlap.
III. RESULTS AND DISCUSSION
Intense interaction between three non-collinear fila-
ments is observed as they are spatially overlapped and
temporally synchronized. The density of plasma gener-
ated in the interaction region is modulated due to the
constructive and destructive interference between three
pulses with same polarizations. Local refractive index is
changed due to the optical Kerr effect and creation of a
periodic wavelength-scale plasma microstructure named
by plasma grating [13–16] with dimensions of 0.90 mm
× 0.75 mm, which is shown in the inset of Fig. 1. When
the probe filament interacts with the centre of plasma
grating marked by Position B as shown in Fig. 2, an ex-
traordinary bright sparking spot accompanied by a blast
sound is observed therein when the delay time is adjusted
to an appropriate value. This strong fluorescence is con-
sidered as the sign of temporal synchronization and the
corresponding delay time is defined as zero delay time.
It evidently indicates a significant plasma generation and
an increase of the local electron density. It can be con-
tributed to the reason: the preformed electrons inside the
one-dimensional plasma grating induced by two pump fil-
aments are accelerated by the probe filament, leading to
further inelastic collisional ionization [15].
In order to investigate the influence of plasma grating
on the generation of TH pulse, the spectra of TH are
recorded as the positions of interaction region between
the probe filament and plasma grating varied after tem-
poral synchronization, as shown in Fig. 2. The spectrum
marked by Position C, which corresponds to the situation
where the probe filament interacts with the rear-part of
plasma grating with about 500 µm away from its centre,
shows a symmetrical modulation while the central wave-
length shifts to the red side a little. When the probe fil-
ament interacts with the forepart of plasma grating with
about 300 µm away from its centre, the TH spectrum
marked by Position A is largely modulated to blue side
accompanied by a little redshift. Meanwhile, the genera-
tion of TH is significantly enhanced compared to that of
Position B and Position C.
The spectral modulation caused by TH itself can be
neglected because the intensities during the TH pulse fil-
amentation are not high enough to cause strong SPM
because of much lower clamped peak intensity compared
to the corresponding intensity in the filament of IR fun-
damental pulse. Therefore, the change of refractive index
experirenced by TH pulse is mainly due to the influence
of XPM effect from fundamental wave (FW) of the probe
and pump pulses and plasma formation. Concerning the
influence of XPM effect, the shift of TH frequency can
be expressed by [5, 17, 18]
δωTH(t) = −
3ω0
c
z
∂
∂t
[n2Iprobe(t)
+n2Ipumps(t)−
5ω2p(t)
9ω20
]
(1)
where ITH , Iprobe and Ipumps respectively represent the
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FIG. 2: (Color online) The measured spectra of TH gener-
ated in the probe filament relative to the plasma grating for
three different intersection positions, e.g. before the centre
(Position A), in the centre (Position B) and behind the cen-
tre (Position C) of plasma grating. The filled curve shows
the spectrum of TH in the case of Position B for compari-
son. The insets on the right are the corresponding schematic
illustrations of filaments interaction positions.
intensity of TH pulse generated in the probe filament,
the probe pulse and total laser field coupled by two pump
pulses, z is the interaction length of filaments, n2 is the
Kerr nonlinear coefficient originated from XPM effect,
ω0 is the angular frequency of IR fundamental pulses
and ωp(t) = [4pie
2Ne(t)/me]
1/2 is the critical plasma fre-
quency where Ne is the electron density.
Equation (1) clearly shows that the plasma effect shifts
the frequency of TH only to the blue side due to the neg-
ative contribution to the refractive index from the free
electrons while the XPM effect originated from the tem-
poral variation of field intensity of the probe and pump
pulses can cause spectral modulation of TH to both sides.
In the case of Position B as shown in Fig. 2, further in-
elastic collisional ionization triggered by the probe fila-
ment considerably enhances the generation of free elec-
trons, which confines the red-shift and only leads to a
limited blue-shift of TH spectrum. But in the cases of
Position A and Position C, the departures from spatial
overlap make the generation of local electron plasma not
enough to confine spectral red-shift, so their correspond-
ing TH spectra show two-sides modulation. In addition,
the TH spectrum in the case of Position A shows a larger
blue-shift of frequency components compared to that in
the case of Position B. In this case, the probe filament
interacts with the forepart of plasma grating, where the
strong XPM by FW of the probe and two pump pulses
dominates the spectral modulation of TH pulses because
the influence of plasma genration could be weak. On the
other hand, in the case of Position C where the probe fil-
ament interacts with the rear-part of plasma grating, the
energy of pump filament has slightly decreased due to the
ionization process during filamentation. In addition, the
pumps start to defocus at the rear-part of plasma grating
resulting to a decreased field intensity. Correspondingly,
the intensity of two pumps will decrease, leading to the
weakening of XPM effect. Thus, the spectral modula-
tion of TH is relatively weaker in the case of Position C
compared to that in the case of Position A.
In order to further investigate the spectral character-
istics of TH pulses generated in the probe filament, the
delay dynamic of TH generation in the case of Position
B is studied by tuning the time delay between the probe
and two pump beams, as shown in Fig. 3(a). The pos-
itive delay refers to the probe pulse propagating behind
two pump pulses. Compared to that of zero delay, TH
exhibits a larger generation when the probe pulse prop-
agates behind two pump pulses with 33.4 fs, which ap-
proximately equals the duration of input laser pulse. On
the contrary, the propagation of the probe pulses before
the pump pulses with 33.4 fs, in which case where the
pump and probe pulse are temporally synchronized al-
most within the pulse duration, leads to a smaller TH
spectral intensity compared to that of zero delay. When
the delay is varied from 0.05 ps to 0.10 ps, the spectral
modulation of TH pulses to blue side is evident while the
spectral intensity is reduced as shown in Fig. 3(b). The
enhancement of TH generation is still observed for 0.3 ps
after the extinction of two pump pulses.
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FIG. 3: (Color online) (a) TH spectra recorded at three dif-
ferent conditions where time delays between the probe and
two pump pulses are 0 fs, 33.4 fs and −33.4 fs respectively.
The spectrum of TH generated in the probe filament with-
out two pump pulses, which is enlarged by 200 times, is also
recorded for comparison. (b) TH spectra as a function of time
delay between probe pulse and two pump pulses. [(c)-(d)] TH
spectra generated in probe filament as a function of the probe
energy and pump energies respectively when three beams are
tuned to match spatiotemporal overlap.
In general, the nonlinear response of a transparent
medium to an intense and ultrashort laser field consists
of an instantaneous and a retarded change of the refrac-
4tive index, so the n2 term in equation above also consists
two corresponding parts. Unlike the decaying exponen-
tial usually assumed as the temporal response in nonlin-
ear optics, air has a more complicated temporal response
function R(t) which could be calculated from quantum
mechanical consideration of O2 and N2 molecular rota-
tion [19]. Then we have the overall Kerr nonlinear re-
sponse:
n2I(t) = n2,iI(t) + n2,d
∫ t
−∞
R(t
′
)I(t− t
′
)dt
′
, (2)
where n2,i is the instantaneous electronic nonlinear co-
efficient, n2,d is the delayed nonlinear coefficient, I(t) is
the intensity of the probe or pump pulses. It has been
determined by J. F. Ripoche et al that n2,i ≈ n2,d [19].
For the retarded refractive index change originated from
plasma generation process, it is directly proportional to
the plasma density Ne(t), which can be estimated by
Ne(t) =
∫ t
−∞
σ8ρmolI
8(t
′
)dt
′
[20]. The terms σ8 and ρmol
are the cross section of multiphoton ionization and the
density of neutral molecules.
The change of local refractive index is originated from
two retarded nonlinear responses in air, e.g. the rota-
tional Raman effect and the formation of a plasma grat-
ing [21, 22]. For the retarded Raman response of the
molecule characterized by the temporal response func-
tion R(t) in equation (2), the corresponding temporal
retardation with respect to the zero delay is correlated
with the characteristic time of molecule response to the
laser field, which can be estimated as tens of fs for a pulse
at 800 nm in air [22]. It has been realized that only the
retarded nonlinear response of the molecule can result in
energy transfer between two filaments because it induces
a spatial phase shift between the laser intensity interfer-
ence and the refractive index modulation. In turn the
existence of the retarded rotational Raman effect can be
confirmed by the presence of energy exchange between
filaments. Figure 4 shows results obtained when the en-
ergy of probe pulse is attenuated down to 0.546 mJ and
the average energy of two pump pulses is also attenuated
down to 0.635 mJ. We observe an energy transfer between
the probe filament and two pump filaments. There are
two different regimes. These results are similar to the
observation by Bernstein et al [21], which indicates the
effect of retarded rotational Raman effect. For the re-
tarded nonlinear response originated from the formation
of two-dimensional plasma grating, the plasma grating
stays at rest at the end of two pump pulses overlap for
a long time after its production process (∼120 fs) [22]
because its decay time is much larger than the time scale
of pulse duration.
Three-order of magnitude enhancement of TH gener-
ation with respect to that of single filament can be ob-
served as shown in Fig. 3(a). It is originated from the
combination of the plasma-enhanced bulk third-order op-
tical susceptibility χ(3) due to plasma formation and the
breakdown of Gouy phase shift. The underlying mecha-
nism of first effect is that the presence of free electrons
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FIG. 4: (Color online) Energy exchange of between the probe
pulses (red circle) and two pump pulses (blue rectangle) in
air as a function of time delay.
and ions can effectively increase the third-order nonlin-
ear response of a medium. As is well known, the Gouy
phase shift effect can result in a large cancellation of TH
generation [23]. The presence of the intercepting plasma
grating could break it, leading to a large enhancement of
TH generation with respect to that in the case of single
filament. The relative enhancement of TH generation in
delay time of 33.4 fs compared to zero delay time in Fig.
3(a) could be ascribed to the retarded impulsive rota-
tional Raman effect. The observed subsequent spectral
intensity reduction in Fig. 3(b) at higher delays is due to
the plasma density decay in the plasma grating, which is
similar to the observation in [24]. One can expect that
the TH generation gradually decrease with the increasing
delay time.
The output spectra of TH pulses as a function of var-
ious input probe energies and pump energies are also in-
vestigated as shown in Fig. 3(c) and Fig. 3(d). The
pulse energy of the incident probe beam is changed from
0.26 mJ to 0.62 mJ, and the TH spectra are measured
when the time delay set to 0 fs in the case of Position B.
The generation of TH is reduced due to the weakening
of field intensity inside the probe filament with the de-
crease of input probe energies. This result can be easily
understood because the intensity of TH is proportional
to the third power of the probe energy. However, in the
presence of the spatiotemporal overlapped plasma grat-
ing, the generation and spectral modulation of TH pulses
weakly depend on the pump energies when it varies from
0.56 mJ to 1.33 mJ, indicating that the observed enhance-
ment of TH generation in the case of Position B is origi-
nated from the interception of plasma grating and has no
close relation with the pump energies. This behavior is
correlated with the saturation of plasma density. At high
plasma density, the TH generation will saturate as a con-
5sequence of the independence on plasma density [24, 25].
This result clearly gets rid of the influence of XPM effect
induced by two pump pulses in the case of Position B.
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FIG. 5: (Color online) Recorded TH spectra as a function of
varying field polarization angle between the probe pulse and
the two pump pulses in air.
We then investigated the spectra of TH induced in the
probe filamentation by varying the field polarization of
the probe pulse with respect to the two pump pulses in
the situation where spatiotemporal overlap is achieved,
as shown in Fig. 5. The field polarization angle, at which
the probe pulse parallels with plasma grating character-
ized by the strongest plasma fluorescence, is defined as
zero field polarization. Obviously, the TH generation
along the probe beam gets the maximum or minimum
as the probe polarization is parallel or orthogonal to the
pump polarization respectively, corresponding to the con-
structive and destructive interference between the probe
and pump pulses. So the transform from constructive
interference to destructive interference results in a weak-
ening of instantaneous XPM effect when the relative field
polarization angle varies from zero degree to 90 degree,
which leads to a gradual decay of the whole TH genera-
tion down to the minimum. In addition, the n2 originated
from two pump pulses in the case of parallel polarization
is three times larger than that in the case of orthogonal
polarization [26].
IV. SUMMARY
In summary, a dramatic spectral modulation of TH
generated in a probe pulse filamentation is observed when
the probe pulse interacted with the forepart of plasma
grating generated by two non-collinear pump filaments.
It is mainly attributed to strong XPM effect induced by
the FW of the probe pulse and two pump ones. The in-
vestigation of TH delay dynamics indicates the influence
of two retarded nonlinear responses on the generation
of TH, e.g. the rotational Raman effect and the forma-
tion of plasma grating. The existence of former has been
confirmed by the energy exchange between the probe fila-
ment and two pump filaments. The independence of TH
intensity on the energies of two pump pulses indicates
the saturation of plasma density. The spectral intensity
of TH shows a maximum and minimum for the parallel
and orthogonal polarization between the probe and two
pump pulses respectively. These results are promising
for several important applications in studying the gener-
ation of harmonic emission and frequency up-conversion
leading to ultrashort laser pulse in deep UV regime in
gases.
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